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ABSTRACT. Much recent work on the cosmic microwave background (CMB) 
has focussed on the angular power spectrum of temperature anisotropies and 
particularly on the recovery of cosmological parameters from acoustic peaks in 
the power spectrum. However, there is more that can conceivably be done with 
CMB measurements. Here I briefly survey a few such ideas: cross-correlation 
with other cosmic backgrounds as a probe of the density of the Universe; 
CMB polarization as a gravitational- wave detector; secondary anisotropies 
and the ionization history of the Universe; tests of alternative-gravity theories; 
polarization, the Sunyaev-Zeldovich effect, and cosmic variance; and tests for 
a neutrino mass. 



1 Introduction 

Extraordinary results from COBE 
and balloon-borne and ground-based 
experiments, a recent healthy inter- 
play between theorists and experi- 
mentalists, and the vision of MAP 
and Planck on the horizon have fo- 
cussed a considerable amount of at- 
tention on the cosmic microwave 
background (CMB). The primary 
aim of these experiments is recovery 
of the angular power spectrum of the 
temperature anisotropy, and from 
this, we hope to determine cosmolog- 
ical parameters and test structure- 
formation theories. However, there is 
conceivably much more that can be 
learned from the CMB. Here I review 
briefly (and by no means exhaus- 
tively!) a few such ideas. Although 
the title suggests otherwise, some of 
the ideas discussed do involve the 
power spectrum. 

2 Cross-Correlation with 
Other Backgrounds 

If the Universe has a critical den- 
sity, then temperature fluctuations 
are produced by density perturba- 
tions at or near the surface of last 
scatter at a redshift z ~ 1100, well 
beyond the reach of even the deep- 
est galaxy surveys. However, if the 
Universe has less than the critical 
density, either in a flat cosmological- 
constant or open Universe, then ad- 



ditional anisotropies are produced by 
the red- and blue-shifting of photons 
as they pass in and out of gravita- 
tional potential wells along the line of 
sight at redshifts z < f^ 1 — 1. There- 
fore, if f2o < 1, then there should be 
some cross-correlation between the 
CMB temperature in a given direc- 
tion and some tracer of the mass 
distribution along that same line of 
sight (Crittenden & Turok 1996), 
such as the extragalactic x-ray back- 
ground. 

Fig. |l] shows predictions for 
the cross-correlation amplitude in 
flat cosmological-constant and open 
models as a function of f2rj, as well 
as experimental upper limits. The re- 
sults seem to indicate that an open 
universe must have Ho > 0.7, and 
that f2o ~ 0.3 is ruled out. How- 
ever, the theoretical predictions as- 
sume that all of the XRB fluctua- 
tion is due to density perturbations; 
this implies an x-ray bias b x ~ 3. 
However, some of the XRB fluctu- 
ation may simply be due to Pois- 
son fluctuations in the number of x- 
ray sources. If so, the inferred x-ray 
bias is lowered accordingly, and the 
predicted cross-correlation is also de- 
creased by the same factor. Since the 
scaled cross-correlation amplitude is 
~ 0.13 at n ~ 0.3, and the 95% CL 
upper limit is ~ 0.6, it suggests that 
an open-CDM Universe is viable only 
if the x-ray bias is b x < 1.5, signif- 
icantly smaller than biases of other 
high-redshift populations. 
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Figure 1. CMB/XRB cross-correlation amplitude in a flat cosmological- 
constant (heavy dashed curve), and open (heavy solid) curve for a CDM-like 
power spectrum with T ~ £loh = 0.25, scaled by the CMB and XRB rms 
fluctuation amplitudes ut and ax ■ The lighter dashed curves illustrate the 
uncertainty in the prediction due to uncertainties in the XRB redshift distri- 
bution. The lighter solid curve is the open- Universe result for V = 0.5 (but 
note that this requires an untenable value of h > 1 for f2rj < 0.5). The dotted 
curves show upper limits from Boughn, Crittenden & Turok (1998). [From 
Kinkhabwala & Karnionkowski (1998).] 



3 Reionization and Secondary 
Anisotropies 

Although most of the matter in 
CDM models does not undergo grav- 
itational collapse until relatively late 
in the history of the Universe, some 
small fraction of the mass is expected 
to collapse at early times. Ionizing 
radiation released by this early gen- 
eration of star and/or galaxy forma- 
tion will partially reionize the Uni- 
verse, and these ionized electrons will 
re-scatter at least some cosmic mi- 
crowave background (CMB) photons 
after recombination at a redshift of 
z ~ 1100. Theoretical uncertainties 
in the process of star formation and 
the resulting ionization make precise 
predictions of the ionization history 
difficult. Constraints to the shape of 
the CMB blackbody spectrum and 
detection of CMB anisotropy at de- 
gree angular scales suggest that if 
reionization occurred, the fraction of 



CMB photons that re-scattered is 
small. Still, estimates show that even 
if small, at least some reionization 
is expected in CDM models: for ex- 
ample, the most careful recent calcu- 
lations suggest a fraction r r ~ 0.1 
of CMB photons were re-scattered 
(Haiman & Loeb 1997). 

Scattering of CMB photons from 
ionized clouds 
will lead to anisotropies at arcminutc 
separations below the Silk-damping 
scale (the Ostriker-Vishniac effect) 
(Ostriker & Vishniac 1985; Vish- 
niac 1987; Jaffe & Karnionkowski 
1998). These anisotropics arise at 
higher order in perturbation the- 
ory and are therefore not included 
in the usual Boltzmann calculations 
of CMB anisotropy spectra. The 
level of anisotropy is expected to be 
small and it has so far eluded de- 
tection. However, these anisotropies 
may be observable with forthcom- 
ing CMB interferometry experiments 
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that probe the CMB power spectrum 
at arcminute scales. 

Fig. [2] shows the pre- 
dicted temperature-anisotropy spec- 
trum from the Ostriker-Vishniac ef- 
fect for a number of ionization his- 
tories. The ionization histories are 
parameterized by an ionization frac- 
tion i e and a redshift z T at which 
the Universe becomes reionized. The 
optical depth r to the standard- 
recombination surface of last scatter 
can be obtained from these two pa- 
rameters. 

Rcionization damps the acous- 
tic peaks in the primary-anisotropy 
spectrum by e _2T , as shown in 
Fig. |^ but this damping is essentially 
independent of the details of the ion- 
ization history. That is, any combi- 
nation of x e and z r that gives the 
same r has the same effect on the pri- 
mary anisotropics. So although MAP 
and Planck will be able to determine 
t from this damping, they will not 
constrain the epoch of reionization. 
On the other hand, the secondary 
anisotropies (the Ostriker-Vishniac 
anisotropics) produced at smaller an- 
gular scales in reionized models do 
depend on the ionization history. For 
example, although the top and bot- 
tom dashed curves in Fig. ^| both 
have the same optical depth, they 
have different reionization redshifts 
(z r = 20 and z r = 57). Therefore, 
if MAP and Planck determine r, the 
amplitude of the Ostriker-Vishniac 
anisotropy determines the reioniza- 
tion epoch. 

In a flat Universe, CDM mod- 
els normalized to cluster abun- 
dances produce rms temperature 
anisotropics of 0.8—2.4 fiK on ar- 
cminute angular scales for a constant 
ionization fraction of unity, whereas 
an ionization fraction of 0.2 yields 
rms anisotropies of 0.3-0.8 fiK. In 
an open and/or high-baryon-density 
Universe, the level of anisotropy is 
somewhat higher. The signal in some 
of these models may be detectable 
with planned interferometry experi- 
ments. 



4 Polarization and Gravita- 
tional Waves 

Although a CMB temperature 
map cannot unambiguously distin- 
guish be- 



tween the density-perturbation and 
gravitational-wave contributions to 
the large-angle CMB anisotropy, 
the two can be decomposed in 
a model-independent fashion with 
a map of the CMB polarization 
(Kamionkowski, Kosowsky & Steb- 
bins 1997a, 1997b; Seljak & Zal- 
darriaga 1997; Zaldarriaga & Sel- 
jak 1997). Suppose we measure the 
linear-polarization "vector" P(n) at 
every point n on the sky. Such a vec- 
tor field can be written as the gra- 
dient of a scalar function A plus the 
curl of a vector field B, 

P(n) = VA + VxB. (1) 

The gradient (i.e., curl-free) and 
curl components can be decomposed 
by taking the divergence or curl of 
P(n) respectively. Density perturba- 
tions are scalar metric perturbations, 
so they have no handedness. They 
can therefore produce no curl. On 
the other hand, gravitational waves 
do have a handedness so they can 
(and we have shown that they do) 
produce a curl. This therefore pro- 
vides a way to detect the inflationary 
stochastic gravity-wave background 
and thereby test the relations be- 
tween the inflationary observables. It 
should also allow one to determine 
(or at least constrain in the case of a 
nondetection) the height of the infla- 
ton potential. 

The sensitivity of a polarization 
map to gravity waves will be deter- 
mined by the instrumental noise and 
fraction of sky covered, and by the 
angular resolution. Suppose the de- 
tector sensitivity is s and the exper- 
iment lasts for t yT years with an an- 
gular resolution better than 1°. Sup- 
pose further that we consider only 
the curl component of the polar- 
ization in our analysis. Then the 
smallest tensor amplitude T m i n to 
which the experiment will be sensi- 
tive at la, in units of the measured 
COBE temperature quadrupole mo- 
ment Cj T , is (Kamionkowski & 
Kosowsky 1998) 




Thus, the curl component of a full- 
sky polarization map is sensitive 
to inflaton potentials (V/m™) > 



4 



Marc Kamionkowski 




Figure 2. Multipole moments for the Ostriker-Vishniac effect for the COBE- 
normalized canonical standard-CDM model (CI = X, h = 0.5, n = 1, 
Cll>h 2 = 0.0125J, for a variety of ionization histories. as listed. We also show 
predictions for several open high- bary on- density models with the same x e 
and t>, normalized to the cluster abundance, with dashed curves. The dotted 
curves show the primary anisotropy for this model for r r = 0.0, 0.1, 0.5, 1, 
and 2, from top to bottom. [From Jaffe & Kamionkowski (1998).] 



bxlO -15 ^ 1 {s/fjK y'iec) 2 . Improve- 
ment on current constraints with 
only the curl polarization compo- 
nent requires a detector sensitivity 

2/2 

s < 40 tyj fiKy/sec. For comparison, 

the detector sensitivity of MAP will 
be s = 0(100 /iKy/sec). However, 
Planck may conceivably get sensitiv- 
ities around s = 25 ^K^/sec. 

A more complete analysis of the 
data will improve the sensitivity rel- 
ative to the simple estimate given 
here. Furthermore, even a small 
amount of reionization will actually 
increase the large-angle polarization 
(Zaldarriaga 1997) and thus also im- 
prove the detectability. 

5 New Particle and Gravita- 
tional Physics 

The CMB may be used as a probe 
of new particle physics in yet another 



way: One of the primary goals of 
experimental particle physics these 
days is pursuit of a nonzero neu- 
trino mass. Some recent (still contro- 
versial) experimental results suggest 
that one of the neutrinos may have a 
mass of 0(5 eV) (Athanassopoulos et 
al. 1995), and there have been some 
(again, still controversial) arguments 
that such a neutrino mass is just 
what is required to explain some ap- 
parent discrepancies between large- 
scale-structure observations and the 
simplest inflation-inspired standard- 
CDM model (e.g., Primack et al. 
1995). 

If the neutrino does indeed have a 
mass of 0(5 eV), then roughly 30% 
of the mass in the Universe will be 
in the form of light neutrinos. These 
neutrinos will affect the growth of 
gravitational-potential wells near the 
epoch of last scatter, and they will 
thus leave an imprint on the CMB 
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angular power spectrum (Dodelson, 
Gates & Stebbins 1996). The effect 
of a light neutrino on the power 
spectrum is small, so other cosmo- 
logical parameters that might affect 
the shape of the power spectrum at 
larger i's must be known well. Still, 
Hu, Eisenstein & Tegmark (1998) ar- 
gue that by combining measurements 
of the CMB power spectrum with 
those of the mass power spectrum 
measured by, e.g., the Sloan Digi- 
tal Sky Survey, a neutrino mass of 
0(5 eV) can be determined. 

The CMB may also conceivably be 
used to test alternative gravity the- 
ories (Liddle, Mazumdar & Barrow 
1998; Chen & Kamionkowski 1998) 
such as Jordan-Brans-Dicke or more 
general scalar-tensor theories. The 
idea here is that in such a theory, 
the expansion rate at the epoch of 
last scatter will be different, and this 
will provide a unique signature in the 
CMB power spectrum. 



6 Polarization in the SZ Effect 

Finally, there is a tremendous 
amount which can be learned from 
scattering of CMB photons from the 
hot gas in x-ray clusters both about 
cosmology and about cluster physics, 
much of which has recently been re- 
viewed by Birkinshaw (1998). Most 
work on the SZ effect to date has 
focussed on the temperature pertur- 
bation produced. However, several 
mechanisms may cause these scat- 
tered photons to be polarized. In par- 
ticular, if the radiation incident on a 
given cluster is anisotropic, the scat- 
tered light will be polarized in pro- 
portion to the quadrupole moment 
incident on this cluster. In this way, 
measurement of the SZ polarization 
may some day tell us about the 
quadrupole anisotropy of the CMB 
as viewed by an observer in a dis- 
tant cluster, and this could, in some 
sense, help reduce the cosmic vari- 
ance in the CMB determination of 
the large-scale fluctuation amplitude 
(Kamionkowski & Loeb 1997). 
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